This study analyzes change in carbon storage by applying forest growth models and final cutting age to actual and potential forest cover for six major tree species in South Korea. Using National Forest Inventory data, the growth models were developed to estimate mean diameter at breast height, tree height, and number of trees for Pinus densiflora, Pinus koraiensis, Pinus rigida, Larix kaempferi, Castanea crenata and Quercus spp. stands. We assumed that actual forest cover in a forest type map will change into potential forest covers according to the Hydrological and Thermal Analogy Groups model. When actual forest cover reaches the final cutting age, forest volume and carbon storage are estimated by changed forest cover and its growth model. Forest volume between 2010 and 2110 would increase from 126.73 to 157.33 m 3 hm −2
Climate change is a critical environmental issue. According to the Intergovernmental Panel on Climate Change (IPCC), there was an increase in global temperature of 0.74°C from 1906 to 2005, and temperature may increase an additional 1.1-6.4°C by the 2090s [1] . Climate change is expressed by a variety of phenomena including biological, chemical, and physical effects, even though the impacts of such changes appear slowly [2, 3] .
The forest ecosystem that is important in the global carbon sink and cycle stores a large amount of total terrestrial organic carbon through the exchange of CO 2 with the atmosphere [4] . Climatic change could result in the alteration of the distribution and function of the forest ecosystem [5] [6] [7] . Coniferous trees are more sensitive to climate change and so are likely to be replaced by deciduous trees in South Korea [8, 9] . Moreover, the Korea Forest Service [10] , announced that coniferous forest coverage gradually decreased, whereas deciduous and mixed forest areas increased. Therefore, it is important to understand which forest ecosystem processes induce such changes and how the system responds to climate change in terms of ecological and biogeographical studies [11] [12] [13] [14] [15] . Forest cover can change by natural or artificial regeneration, so the change modifies forest volume and carbon storage. Evaluation and monitoring of carbon storage and sequestration in South Korea is done by estimation of forest volume [16] . This volume can be converted to carbon storage using carbon emission factors proposed by the Korea Forest Research Institute [17] .
There have been many studies with Dynamic Global Vegetation Models (DGVMs) to understand how climate change affects the ecosystem [18] [19] [20] [21] [22] [23] [24] . Several researchers have tried to apply DGVMs, such as the Holdridge [25] , Carbon Exchange between Vegetation, Soil, and Atmosphere (CEVSA) model [8] , and MAPSS-CENTURY (MC1) [26] , models to predict the potential vegetation distribution in South Korea using past and future climatic data. However, such models reflecting potential forest cover distribution did not consider actual cover [27] .
To overcome such limitations, we estimated future forest cover change considering both potential forest cover predicted by the Hydrological and Thermal Analogy Groups (HyTAGs) model [28] and actual forest covers in the 4th Forest Cover Map [29] . Previous studies of forest cover distribution in South Korea using MC1 and CEVSA showed that most current tree species would be replaced by Quercus spp. This is because the country is regarded as a single climatic zone towing to coarse resolution [8, 26] , but there are in fact various climate and geographic conditions. What is important in this study is not the fact that all species are replaced by Quercus spp. but that HyTAG [28] showed reliable performance and results and implied the distributional probability of various tree species in future when compared with MC1 and CEVSA. Therefore, we employed the HyTAG to predict future forest cover various from climate change. Specifically, once a certain forest type reaches final cutting age, there would be artificial regeneration with the tree species predicted by HyTAG at that time. Therefore, we analyzed change in forest cover, forest volume and carbon storage over the next 100 years with a 10-year interval.
Lee et al. [30] proposed four prediction scenarios of future forest volume and carbon storage, considering both potential and actual forest covers: (i) Tree species unchanged; assuming current tree species are maintained, even under climate change; (ii) Natural regeneration; applies lag time (mortality delay) over which forest cover would naturally change; (iii) Artificial regeneration at final cutting age, i.e., forest cover reaching final cutting age should be regenerated to the potential forest cover. (iv) Immediate regeneration; actual forest cover, which is different from potential forest cover, should be immediately replaced by the latter. Of these four, we analyzed change in forest cover, forest volume, and carbon storage assuming scenario iii, which reflects forest management planning.
Materials and methods

Study area
The study area included all of South Korea, 33°09′ to 38°45′N and 124°54′ to 131°06′E (Figure 1 ). Currently, forests occupy ~64% (6450438 hm 2 ) of total land area in the country. As shown in Figure 1 , evergreen needleleaf (mainly Pinus densiflora), deciduous broadleaf (mainly Quercus spp.), and mixed forests took up approximately 40.5%, 27%, and 29.3% of total forest area in 2010, respectively [31] . These are the major tree species in the country and are important for their ecological, economical, and socio-cultural value [32] .
Korean National Forest Inventory (NFI) data
NFI data were used to develop the forest growth models. The 5th NFI was conducted annually in all forest areas from 2006 to 2010. The NFI applied systematic cluster sampling on a 4 km×4 km grid. About 6200 plots were created for the entire Korean terrestrial area, of which ~4000 were in forest area. We used 4000 plots of NFI data that were surveyed during five years, beginning in 2006. Subplot 1 was the center plot and subplots 2, 3, and 4 were located 50 m away at azimuths 0°, 120°, and 240° from subplot 1. Each subplot consisted of three different plots, a 0.08-hm 2 large tree plot of 16-m radius, 0.04-hm 2 standard tree plot of 11.3-m radius, and 0.003-hm 2 sapling plot of 3.1-m radius [31] ( Figure  2 ). The NFI data were used to predict diameter at breast height (DBH), tree height (h), number of trees per hm 2 (Nha), and stand volume.
South Korean forest cover map
The forest cover map (1:25,000 scale) was used to identify current forest cover and volume. The map was prepared by interpreting aerial photographs of South Korea [33] . We used the 4th forest cover map, produced between 1996 and 2005, to estimate forest volume using the forest growth model developed with NFI data. The forest cover map contains information on tree species, DBH class, age class, and canopy closure class. There were 18 categories of tree species. The DBH class was grouped at 10-cm intervals, and age class at 10-year intervals. Canopy closure was classified as coarse, medium and dense, according to crown projection area.
Climate data
The Korea Meteorological Administration (KMA) provides climatic data such as temperature, precipitation, wind, humidity and sunshine hours which were obtained from 75 meteorological stations over all South Korea. We used data (monthly mean temperature, mean daily minimum temperature, and accumulated precipitation) from 1971 through 2000. The data were interpolated to a 1-km grid using a kriging algorithm and inverse distance squared weighting (IDW), considering absolute temperature and precipitation lapse rates with elevation [8, [34] [35] [36] [37] . Future climatic data were predicted under A1B scenarios focused on a balance of all energy sources from the Special Report on Emission Scenarios [38] . Datasets were resampled to 0.01° spatial resolution in the WGS-84 coordinate system [8] .
1.5
Potential forest-cover distribution maps by HyTAG Choi et al. [28] found optimal distribution range by tree species using the HyTAG model with a hydrological index (Precipitation Effectiveness Index PEI) and thermal indices (Warmth Index WI; Minimum Temperature of the Coldest Month Index MTCI). Optimal range of the current forest cover distribution was detected after extracting optimal ranges of PEI, WI and MTCI by tree species, using actual vegetation maps and present climatic data [28] . Distributions of future WI, PEI, and MTCI from future climatic data were constructed. Then, potentially optimal forest cover distribution could be determined within the range of future indices. In the present study, HyTAG was used to predict potential forest cover and volume with future climatic data.
Methods
A diagram of the method is shown in Figure 3 . This study was performed in four steps, which were to (i) develop forest growth models using NFI data; (ii) combine current (actual) forest cover maps (DBH class, age class, canopy closure) and develop the forest growth model; (iii) to identify forest cover change considering final cutting age; and (iv) estimate forest volume and carbon storage using the growth model.
Forest growth models
The growth models were developed using NFI data and were used to calculate forest volume from the 4th forest cover map. The NFI data include tree species information, mean tree height, DBH, age, and number of trees in each plot. To develop the growth models, we first identified rela- tionships between (i) DBH and age, (ii) tree height and DBH, (iii) DBH and number of trees, and (iv) volume, DBH, and tree height. Considering the relationships and growth characteristics, growth models were developed using the functions in Table 1 . Basic forms of the regression equations were described by Sit and Poulin-Costello [39] . Nonlinear regression analyses were conducted for each tree species using SAS 9.2 software [40] .
For this study, we used six major tree species, Pinus densiflora, Pinus koraiensis, Pinus rigida, Larix kaempferi, Castanea crenata, and Quercus spp. based on the classification of the forest cover map even though there was information on eight tree species in that map. Other deciduous broadleaf forest trees were assigned to Quercus spp. because they occupied small areas that could not be resolved by the spatial resolution (0.01°).
Combination of actual forest cover map and forest growth model
To identify growth factors from the forest cover map for use in the growth models, we extracted DBH, age, height, and number of trees per hm 2 from the map. This map does not have actual age and DBH, but only age class in 10-year intervals and DBH class in 10-cm intervals. Therefore, we 10, 000
10, 000
where N is the stem number per hm 2 , and h o is dominant tree height.
Forest cover change
The final cutting age was used to determine when forest cover changes in a stand. Current actual forest cover was assumed replaced by the potential forest cover predicted by the HyTAG model when current stand age of actual forest cover reached final cutting age. If stand age reached final cutting age and the potential forest cover predicted by HyTAG were identical for a tree species, the same forest cover would be regenerated. However, if the potential forest cover from HyTAG was not identical for the tree species, forest cover of the stand at that time would be regenerated by a new potential forest cover using HyTAG. All new regenerated species would have been counted as five years old, because we did not consider forest management during the regeneration. Final cutting age of the national forest [50] was applied when analyzing forest cover change (Table 2 ).
Change in forest volume and carbon storage
To calculate forest volume by tree species, we used the following volume model (eq. (3)). Coefficients proposed by the Korea Forest Service [33] are shown in Table 3 .
Carbon storage can be estimated by multiplying forest volume by carbon emission factors, which are expressed by basic wood density (BWD), biomass expansion factor (BEF), root-shoot ratio (RSR), and carbon fraction (CF) following eq. (4).
The carbon emission factors depend on biophysical characteristics of tree species [17] . Table 4 lists these factors for the major species. In general, future forest growth under different growth conditions such as site index and stand density can be estimated by a regression function because those conditions are involved and reflected in the regression function [16, 47, 49, 50] . In our study, however, the site index, was not used to explain various growth conditions. Instead, we assumed that current DBH and height represent the site and growth conditions. Toward such a representation, we used algebraic difference forms for estimating future growth, based on current growth. Therefore, it was possible to estimate DBH, h, Nha, v for a subsequent period (i+10), based on current growth status i (Table 5) .
Results
Parameters of growth models
Using the nonlinear regression procedure with NFI data, parameters of each growth model in Table 1 were estimated by tree species ( 
Pattern of potential forest cover distribution
Based on the analysis of the future forest cover change, ~39% (2326853 hm   2 ) of the total forest area would rapidly change into deciduous broadleaf forest over the next century. In particular, about 53% (1455177 hm 2 ) of coniferous forest would transition to deciduous broadleaf forest over the next 50 years (2060), as shown in Figure 4 . Between 2060 and 2110, 13% (826814 hm 2 ) of the coniferous forest would change into deciduous broadleaf forest. Thus, only 8% (468445 hm 2 ) of the coniferous forest area would remain after 100 years. These results suggest that this forest is more vulnerable to climate change than deciduous broadleaf forest [8, 9] in South Korea. Noticeable change in forest cover was revealed between 2010 and 2060 ( Figure 4 ). This is attributed to the fact that forests with age classes III to IV (21-40 years) occupy 66% of forest area as of 2010 [53] . Such forests will thus begin to reach final cutting age by 2060. Such sudden forest cover change over a century might be possible because we did not use regular yield control by considering forest management budgets, practice restriction for forest protection, and conservation. If such yield control was implemented to avoid sudden forest cover change, the coniferous forest might not change as rapidly to deciduous broadleaf forest over the next century.
Future forest volume and carbon storage
Future forest volume was estimated based on algebraic difference forms of growth models (Tables 5 and 7 ). The present (2010) volume (126.73 m 3 hm 2 ) approximates actual statistics reported in the statistical yearbook of forestry (125.61 m 3 hm 2 ). The annual volume rate increase (5.21%) is also nearly identical to that listed in the yearbook (5%). From 2010 to 2040, forest volume per ha would increase or 53%) ( Table 7) .
Discussion
It was predicted that the forest volume would increase to 223.85 m 3 hm 2 by 2050. However, volume was overestimated compared with the 5th Forest Master Plan of South Korea, in which total forest volume in 2050 was estimated at 138 m 3 hm 2 [53] . Moreover, Yu et al. [54] estimated that forest volume would be 226.81 m 3 hm 2 within 50 years. In contrast, Kwak et al. [16] predicted that this volume would decrease rapidly to 43.59 m 3 hm 2 in the next 50 years. Such variable results are attributed to differences of approach to regeneration and yield control. The prediction by Kwak et al. was the lowest because forest cover change was evaluated only using an equilibrium model without consideration of gradual migration and immigration (natural regeneration). In contrast, Yu et al. estimated forest volume only through the relationship between age and volume, without accounting for change in forest cover; thus the volume would increase continuously according to the general growth law.
Volume in the control case continuously increased to 507.26 m 3 hm 2 over the next 100 years, which is an estimate under the assumption that the tree species will not change ( Figure 5 ). In this case, the mean volume increment during 2010-2110 would decline from 3.77% to 0.68% as forest age increases (Table 8) . However, mean volume under a scenario of artificial regeneration with a final cutting age would rise because of vigorous growth of the regenerated forest, even if total volume decreases as shown in Table 7 .
Therefore, our approach is more accurate than earlier studies [16, 54] , because of realistic approximation using the estimate of the 5th Forest Master Plan of South Korea and a growth rate superior to that of the case without tree species change.
We compared R 2 and RMSE to those of the statistical yearbook of forestry in South Korea between 2000 and 2010. We thereby obtained, R 2 and RMSE of 0.61 and 17.21 m 3 hm 2 , respectively. Therefore, our result is appropriate for estimation of future volume ( Figure 6 ). Bare mountains in South Korea have been restored through planting of seedlings on a national basis since 1960s. This afforestation has led to the current forest in age classes III and IV (66%), which will reach final cutting age between 2060 and 2070 [53] . Therefore, excessive cutting and regeneration can cause forest volume and carbon storage to abruptly decrease by 2070 ( Figure 5 ). However, our research does not indicate a huge amount of deforestation in this period, but rather suggests a solution to avoid this drastic forest cutting. To avoid such rapid change in the forest cover, volume, and carbon storage, a regeneration or yield control scheme should be planned and implemented in a way that ensures balance of forest practice and yield (volume and carbon storage) [55] . For maintaining balance and establishing normal regeneration in each year at a national level, a priority order of regeneration should be determined with consideration of forest status, practice and budget. Thereby, optimal regeneration or yield schemes can be constructed with consideration of sustainable forest practice [55] and potential forest cover under climate change [28] .
Studies using the MC1, CEVSA, and HyTAG models showed that in the future Korea, coniferous forests would decrease and broadleaf forest increase (mostly Quercus spp.). Using HyTAG, Kwak et al. [16] predicted that 99% of total forest would be composed of Quercus spp. after the passage of 100 years. Lee [8] also showed that coniferous forest would decrease, from 40% to 5%. Using MC1, Choi et al. [26] predicted 40% change for different forest tree species. Byun et al. [56] , stated that because of climate change, the growth of Pinus densiflora will decrease and that of Quercus spp. will increase. Our study also shows that most of Korean forest will gradually change into Quercus spp. stands in the coming century. With application of the HyTAG model, the results of our study were similar with previous studies. Both our and previous studies excluded efforts toward protecting and maintaining current species. However, we focused on change in forest cover from climate impact. If forest managers strive to maintain current species, the future forest cover would vary from our result. Therefore, we conclude that the dramatic change in forest cover and volume predicted herein should be addressed by implementing plans for controlling forest type and yield.
Conclusion
This study analyzed changes in forest cover, volume and carbon storage by considering actual and potential forest cover, a forest growth model, and final cutting age of the six major tree species in South Korea. First, we identified forest cover change using the final cutting age. Second, we estimated forest volume by combining the forest cover map and forest growth model, which was developed using NFI data.
Approximately 39% (2326853 hm 2 ) of total forest area in Korea is predicted to change rapidly into deciduous broadleaf forest (mainly Quercus spp.) over the next 100 years. Forest volume and carbon storage would continuously increase through 2040, decrease from 2050 to 2070, and then increase again from 2070 to 2110. Our results imply that forest volume and carbon storage can be altered by forest cover variation induced by climate change.
This study showed that forest cover, volume and carbon storage could abruptly change by 2060, because many forests were presumed to reach final cutting age and be regenerated with the potential forest cover type. Further studies are needed to prepare optimal regeneration plans to ensure sustainable forest practice that can balance forest volume and carbon budgets. 
